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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 
Metric English 
Symbol 
Unit Symbol Unit Symbol 
Length ______ _ l 
t 
F 
rneter __________ __ _____ _ rn 
8 
kg 
foot (or rnile) __ ______ _ ft. (or rni. ) 
sec. (or hr.) 
lb. 
Time __ __ ____ _ second __________ ____ __ _ second (or hour) ___ ___ _ 
F orce _______ _ weight of one kilogram __ _ weight of one pound __ _ 
PoweL __ ____ _ P kg/m/s __________ ______ _ _ ----- -- - - horsepoweL ___ _______ hp 
Speed _______ ___ ________ {km/h____________ _______ k. p . h . mi./hr. ___ __ _____ _____ m. p. h . 
m/s_____ _______________ m . p. s. ft./sec. __ ______ ___ ____ f. p. s. 
2. GENERAL SYMBOLS, ETC. 
W, Weight=mg 
g, Standard acceleration of gravity = 9.80665 
m/s2 = 32.1740 ft./sec.2 
m, Mass = W g 
p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-4 
S2) at 15° C. and 750 mm=0.002378 
(lb.-ft.-4 sec. 2). 
Specific weight of "standard" air, 1.2255 
kg/m3 = 0.07651 Ib./ft.3• 
mk2, Moment of 
r adius of 
script). 
Area. 
inertia (indicate axis of the 
gyration k, by proper sub-
Wing area, etc. 
Gap . 
Span. 
Chord. C, 
b2 S ' Aspect ratio. 
p. , Coefficien~ of viscosity. 
3. AERODYNAMICAL SYMBOLS 
V, True air speed. 
q, 
L , 
D, 
D o, 
0, 
R, 
Dynamic (or impact) pressure=~ pV2. 
Lift, absolute coefficient OL= q~ 
Drag, absolute coefficient OD=:!s 
Profile drl'g, absolute coefficient ODO=~S 
Induced drag, absoiute coefficient OD!= ~S 
Parasite drag, absolute coefficient OD p =~S 
Cross-wind force, absolute coefficient 
o 
OC=qS 
Resultant force. 
~!D' Angle of setting of wrngs (relative to 
it, 
thrust line). 
Angle of stabilizer 
thrust line). 
setting (relative to 
Q, Resultant moment. 
n, Resultant angular velocity. 
Vl 
p-- ,Reynolds Number, where l is a linear 
u 
a , 
E, 
a o, 
at, 
aa, 
'Y. 
dimension. 
e. g. , for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, at 15° C., the 
corresponding num.ber is 234,000; 
or for a model of 10 em chord 40 mis, 
the corresponding number is 274,000. 
Center of pressure coefficient (ratio of 
distance of c. p. from leading edge to 
chord length). 
Angle of attack. 
Angle of downwash. 
Angle of attack, infinite aspect ratio. 
Angle of attack, induced. 
Angle of attack, absolute. 
(Measured from zero lift position.) 
Flight path angle. 
~ . 
I -
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SUMMARY 
A large number oj photomicrogmphs oj juel sprays 
were taken jor the purpo e oj studying the spray struc-
ture and the process oj spray jormation. They were 
taken at magnifying power oj 2.5, 3 .25, and 10, using 
a spark discharge oj very short duration jor illumina-
tion. Several types and sizes oj nozzles were investi-
gated, different liquids were used, and a wide range oj 
injection pressures was employed. The spmys were 
photographed as they were injected into a glass-walled 
chamber in which the air density wa varied jrom 14-
atmospheres to 0.0013 atmo phere. 
Within the range investigated, the photomicrographs 
s1J,pport the theory advanced by D7'. R. A. Castleman, jr., 
to explain the atomization oj liquid juels in carburetor 
and in injected sprays. liVith injected sprays, the juel 
leaves the nozzle as an unbroken column, is rujfied, and 
then torn into small, irregulm' ligaments by the action oj 
the air. The ligaments are then quickly drawn up into 
drops by the surjace tension oj the juel. Turbulent juel 
flow accelerates the disintegration oj the juel jet by 1'Uj-
fling its surjace close to the orijice, but has relatively small 
disintegrating powe1' in itself. 'jil:'hen other jactors are 
kept constant the degree ' oj disintegmtion oj the jet in-
creases with the distance jrom the nozzle, the air density, 
the juel velocity, or the juel turbulence, but decreases with 
an increase oj fuel viscosity, surface tension, or nozzle 
orijice diameter. 
INTRODUCTION 
More rapid and uniform mixing of the fuel and air 
in the combu tion chambers of fuel-injection engines 
is essential if the combustion process is to be controlled 
and higher specific outputs obtained. Accordingly, 
many experiments have been made to determine the 
general shape, the rate of growth, the final drop size, 
and the fuel distribution of sprays from variou types 
:t' of nozzles. However, the study of the manner in 
which the fuel is divided into the millions of small 
;) drop which con titute a fuel pray has hitherto been 
-::r: handicapped by a sc.arcity o[ direct experimental 
evidence. Some inve tigatol's have ruscu ed the proc-
«' ess o[ spray [ormation with particular emphasis on 
vibrations and turbulent Dow within the nozzle. (See 
references 1 and 2.) Others have been most interested 
in the eD'ects of the forces which result from the rela-
tive motion between the fuel and the air. (See ref-
erences 3, 4, 5, and 6.) 
The investigation described in this report was made 
to study the formation of fuel sprays by means of 
instantaneous photomicrograph, and to determine the 
effect of various design and operating factors on the 
characteristics of the sprays. The experiments were 
conducted during the early part of 1932 by the a-
tional Advisory Committee for Aeronautics at Langley 
Field, Va. 
AP PARATUS AND TEST PROCEDURE 
A microscope with camera attachment was used to 
take photomicrographs at a magnifying power of 10 
and a large camera with a short focus lens was used 
for magnifications of 2.5 and 3.25. 
The illumination for photographing the sprays was 
supplied by a spark from the electrical circuit shown in 
SIring soaked In colcium-
chlOride solution 
----------------------, 
I 
I 
I 
I 
/ 
I 
D 
To 30, 000 - volt 
d-c. supply 
A 
, 
\ 
\ 
\ 
I 
I 
I fa: 
FIGURE I.-Circuit used to produce illuminating sparks oC short duration 
A. Main condenser. 
B. Auxiliary condenser. 
C. Aux.iliary spark gap. 
D. U1wninating spark gap. 
E. Reflector. 
Figure 1. The principle of this circuit i a follows: 
The condensers A and B are charged to a high po-
tential by a tran former and a rectifying tube. When 
the switch controlling the discharge is closed, the small 
condenser B discharges across the aUJl:iliary spark 
3 
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gap C, ionizing the air in the gap and greatly lowering 
its resistance. Condenser A then discharges across 
both gaps C and 0 ; the light from gap 0 is used to 
photograph the spray, that from gap C being shielded 
from the camera len . The duration of the illuminating 
discharge in circuit of tbis type is of the order of 10-7 
second, provided that the re i tance of the connecting 
wires is low. (eereference 7.) In tbi ca e, the capac-
ities of the condensers A and B were about 0.01 and 
0.001 microfarad, respecti ely. They were charged to 
about 30,000 volts and the connecting copper wires 
were about 0 .16 in h in diameter and as shor t as 
practicable. 
When taking photomicrographs, the spark gap i 
mounted in front of a parabolic reflector, and the 
reflector, spray nozzle, and micro cope are placed in 
line so that the photomicrographs are silhouette . 
A gla tube wa slipped over the spark-gap points, to 
confine the spark di charge to a relatively narrow path . 
The nozzles were u ed in an automatic injection 
yalve and al 0 a open nozzle. :E igure 2 show 
0,60· 
FIGURE 2.-Sketch of automatic injection valve, and enlarged 
view of nozzle assembled in valve 
sketch of the injection valve and an enlarged view of 
a nozzle assembled in the valve. The injection valve 
was operated by the common-rail fuel-injecti.on sy tem 
of the . A. C. A. spray photograpbic apparatus. 
(Reference 8.) Synchronization of the park with the 
spray from the valve wa accomplished by a rotary 
disk s,vitch on the shaft '.'lith the cams that control 
the injection. The spark could be made to occur a t 
any desired stage in the development of the pray b 
'changing the phasing of the disk s'.'litch '.'lith respect 
to the cam shaft . The prays from the open nozzle 
were continuous, the fuel being supplied from a 
reservoir arranged to maintain a constant pressure for 
several seconds: In th:i ca e the timing of the spark 
was manually controlled . It ha been hown by R oth-
rock in reference that '.'lith the common-rail injection 
ystem used there are pronounced fluctuations in the 
in tantaneous pressures at the nozzle during the 
injection period. Therefore, in order that the data 
might be strictly comparable, continuous sprays from 
open nozzles were used whenever possible. 
For e:>","})eriments at other than atmospheric air 
density, the spray were injected into a glass-walled 
chamber in which the air density could be raised by 
admitting compressed air from an air bottle or lowered 
by exhausting the chamber with a vacuum pump. 
Except where otherwise noted, the fuel used in the 
tests was a Diesel fuel oil having, at atn10spheric 
pressure and a temperature of 22° C., a viscosity of 
0.022 poise, and a specific grayity of 0.837. 
RESULT A D DISCUSSION 
The fact that the photomicrographs arc ilhouettes 
must be kept in mind while studying them, because 
frequently the core of the spray was the only part 
dense enough to register on the fums. Most of the 
minute droll in the envelope of the spray surrounding 
the core could not be photographed. At high injection 
pressures or h1gh air den ities the surrounding cloud 
of drop became so dense that all details were obscured. 
Therefore, in order to study the process of fuel spray 
formation to the best advantage, the majority of the 
photomicrographs were taken at low injection preSSLlre 
and low air densities. As the conditions were altered 
progressively until engine conditions were approached, 
the change in the spray were carefully studied, and 
from these observations there have been drawn a 
number of general conclu ions about the formation 
of fuel prays. 
A certain amount of discretion had to be used in 
selecting representative photomicrographs for illu -
tration. Variations and irregularities, probably caused 
by fluctuations in the flow through the nozzle, were 
often present in the fuel jet. Only a relatively small 
portion of the jet could be photographed, and it som -
times happened that one of these irregularities was in 
front of the lens when the illuminating spark occurred. 
Therefore, several photomicrographs were always 
taken at each test condition, and pictures representa-
tive of the general trend were selected. The con-
clusions presented in this report are based on the study 
of about 2,800 fuel-spray photomicrograph. 
TERMINOLOGY 
M any different term have been used by variolls in-
vestigators in describing the process by which liquid 
fuel is transformed into fuel sprays. "Jet di integra-
tion", "disruption", "collapse", "decay", and "break-
up" have been used, as well as the word "atomization." 
In tbis report, the recommendations of Castleman 
(reference 5) concerning the terminology of fuel-spray 
formation have been adopted whenever po ible. He 
proposed that the word "atomization" be limited to the 
last stage of the proce s, during which thc furl particles 
attain their final size and form, and that the word" dis-
integration" be u ed in connection with that part of the 
process preceding atomization. The term" dispersion" 
has quite generally been accepted as denoting the ratio 
I· 
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of spray volume to fuel volume. In this investigation, 
dispersion was estimated qualitatively from the photo-
micrographs. 
DIFFERE CES BETWEE co. TI UOUS AND I TERMITTENT 
SPRAYS 
.As has been mentioned, bolih continuous sprays from 
open nozzles and intermittent sprays from an auto-
matic injection valve were photographed. The first 
portions of sprays from the valve were considerably 
more dispersed than the later portions; however, when 
the sprays were fully developed, their appearance was 
the same as that of continuous spray . The difference 
in dispersion between the early and late portions of a 
spray from the valve was most noticeable when the 
injection occurred in a vacuum, where the restricting 
influence of the air was much reduced. As the air 
(a) At start of spray. 
seat and the sudden surge when the fuel under pressure 
is released contribute to this turbulence. With the 
exception of Figures 3 and 4, all photomicrographs of 
sprays from an injection valve, shown in this report, 
were made when the spray was fully developed. 
THEORIES OF SPRAY FORMATION 
Among recent works on the phenomena of spray for-
mation, the contributions of Haenlein, Castleman, and 
Schweitzer are the most directly related to the work 
that has been done at this laboratory. 
Haenlein (reference 3) took spark photographs of 
jets of liquids having a wide range of phy ical proper-
ties and obtained very definite information concerning 
the nature of the disintegration of a liquid jet up to in-
jection velocities of about 230 feet per second. He de-
cribed four characteristic disintegration phenomena, 
(b) 0.002 second alter start of spray. 
FIGURE 3.- '1'11'0 stages of similar intermittent sprays in II vacuum, X 10. Injection pr . ure, 2,000 pounds per square inch; orifice diameter, 0.Ol4 
inch; air denSity, 0.0026 atmosphere (pressme =2 moo llg, absolute); djstanceJrom nozzle, 3 inches 
density was inCl'en ed, this diJIerence in dispel' ion 
decreased until at high air densities it was relatively 
slight. TIllS initial dispel' ion eJIect is shown quite 
strikingly by Figure 3, which shows two stage in the 
development of similar intermittent sprays injected 
into a vacuum. The first part of the pray i dispel' ed 
very greatly, although the individual drops are rela-
tively large. However, 0.002 second after the start 
the jet appears a an unbroken column. The general 
appearance of the first and later portions of intermit-
tent sprays injected into air at atmospheric density is 
shown by Figure 4. As the dispel' ion of the early 
part of the spray is most apparent at low air den itie 
when the air has the least re tricting e:ITect, it eem 
probable that the flow conditions at the start of in-
jection are such as to produce considerable turbulence. 
The momentary throttling a the valve stem leaves its 
which are dependent upon the velocity of injection: 
(1) Drop formation accomplished olely by the surface 
ten ion of the liquid; (2) drop formation where the 
urface tension i reenforced by air action; (3) wave 
formation by the air; (4) sudden and complete dis-
integration of the jet. 0 explanation was offered for 
the 10. t phenomenon. 
In references 4 and 5, Co. tleman has eArpre ed a 
very rea onable exrplanation of the atomiza tion of 
liquids. He say , in reference 4: . 
The actual proces of atomization iu an air tream seems 
rather simple: A portion of the large ma is caught up (say, at 
a point where it surface i rumed) by the air stream and, being 
anchored at the other end, is drawn out into a fine ligament. 
This ligament is quickly cut off by the rapid growth of a dent 
in its surface, and the detached rna , being quite small, is 
swiftly drawn up into a spherical drop. (A quite similar 
phenomenon occurs when a large drop is detached from a tube. 
L 
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The chief difference is LhaL the ligament connecting the mall drop to 
the main ma s is much finer than that connecting the large drop to the 
liquid in the tube, and, hence, the time of detachment is enormously 
Ie .) The higher the air speed, the finer the ligaments, the horter 
1 
At start or spray. 0.002 second arLer sta rt or spray. 
[<'I GaRE 4.- Two stages or similar intermittent sprays in the atmosphere, X 2.5. Injection 
pressure, 1,500 pounds per square inch; orifice diameter, 0.008 inch ; air densit y, 1 atmosphere 
[heir jives, and the ,'maller the drops formed, within the limits discllssed 
abo\'e. 
He al 0 compfl res aide inj ction of fuel to air- tream atom-
ization, and conclude that the atornization proce s i the same 
in each case, the formation of ligamenLs 
being controlled by the relative velocity 
between the air and the fuel. 
Schweitzer discu es the mechanism of 
jet disintegration in reference 2. He em-
pha izes the fact that rotationally symmet-
ric di turbances and wavelike disturbances 
cau ed by the air can not po sib Iv cause 
such extremely fine atomization as occur 
in ordinary fuel injection, and give par-
ticular attention to the influence of t1ll'hu-
lent flow in the nozzle. Experiments are 
cited in which fuel was injected into a vac-
uum, and a distinct dispersion was noted at 
Reynolds umbel' of about 3,500 and 
above. 
TYPES OF JET DIS! TEGRATIOI 
The forms of jet di integration analyzed 
by Haenlein, caused by rotationally ym-
metric and wavelike disturbance, are illus-
trated in Figure 5. In photograph (a) of 
this figure the jet velocity i so low that 
the air plays no part, and the fuel column 
i separated into drops solely by the force 
of surface ten ion. The beginning of en-
largements and contractions in the stream 
is visible at ome distance above the point 
of jet collap e. The e inequalities in the 
fuel column increase slowly at first, then 
quite rapidly until the column is broken 
into elongated fragments. These fragment 
as they are falling through th air continue 
to be acted upon by urface tension. They 
therefore shorten themselves and, after a 
serie of a cillations in which they become 
alternately elongated and flattened, settle 
down in the form of spherical drops. 
In Figure 5(b), which was taken at a 
higher magnifying power than 5(a), the jet 
velocity has been increa ed until the aerody-
namic force also playa part in the di in-
tegration of the jet. The action of the air 
on the fuel column lllay be imilar to that 
of the wind on the surface of 11 body of 
water. If the relative velocity between the 
liquid and the layer of air close to it Ul'-
face increases at the wave cre t and de-
creases in the troughs, the result will be a 
decrease in pre sure at the crests and an 
increa e in pressure at the troughs. These 
pres lire difference will increase the am-
plitude of the waves, and, in the case of 
the fuel j t accelerate its di integration. 
( ee reference 3.) 
" i 
I. 
I 
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(a) 
( c) 
• 
FIGURE 5.-T~·pes of jet disintegration. Orifice diameter, 0.020 incb; air density, 1 atmosphere 
(u) Rotationally symmetric disturbances" ilhout air influence, X 3.25. Injection pressure Jess than 10 
pounds per sfluare inch. 
(h) Rotat ionally symmet ric disturhances with air influence, X 10. Injection pressure, 50 pounds per 
~qunre in('h. 
(c) Wave formatioll, X 10. Illjectioll prcN;ure, 100 pounds per squaro incb. 
7 
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In Figure 5(c) the jet velocity is still greater, and 
waves have been formed in addition to the rotationally 
symmetric disturbances. The e waves are also the 
result of aerodynamic forces, and at the higher veloci-
ties they· develop more rapidly than do the rotationally 
symmetric distmbances so that the jet is broken into 
many irregular parts. 
LIGAME T FORMATION 
The formation of ligaments and their collapse into 
drops are shown in Figme 6. Vi.Ttually all photo-
graphs, except those at very low or very high pre -
sures, show such ligaments. At very low pressures 
the relative velocity of the fuel and air is not sufficient 
for ligament formation, and at very high pressur 
the velocity is so high and the ligaments so small l:Lnd 
so obscured by the fuel particles in the spray envelope 
that they are not distinguishable. The collapse of the 
ligaments i seen to be very similar to the collap e of I 
a larger column, as described in connection with 
Figure 5. 
The similarity between the photomicrographs of 
Figure 6 and the photographs made by Scheu bel of 
air-stream atomization in a model carburetor (refer-
ence 9) indicates that the two methods of atomizing 
fuel are fundamentally the same. 
EFFECT OF TURBULENT FUEL FLOW 
The que tion of fuel turbulence is a socia ted bo h 
with nozzle conditions and with Reynolds umber a 
determined by the inj ection velocity, the orifice cliam-
eter, and the kinematic viscosity of the fuel. If the 
Reynold Tumber is below a certain critical value, 
any turbulence caused by nozzle irregularities will 
tend to damp out, but if it is above the critical valu , 
an initial disturbance will persist. From experiments 
with fluid flow in long, uniform tube, tlus critical 
value has been determined to be about 2,300. As 
the ratio of the length to the diameter of the nozzle 
bores was u ually 2.5 or less, the use of Reynolds , 
Tumbers to determine whether the flow was turbu-
lent or not is somewhat questionable. However, the 
appearance of fuel jets injected in to an evacuated 
chamber, where the influence of air force must be 
negligible, indicates that the Reynolds Jumber Cl·ite-
rion may be applied in most cases. 
Figmes 7 and show a eries of fuel jets in vaCl/um , 
for which the Reynolds Number wa varied from 
1,500 to 9,000 by increa ing the injection veloci ty . 
In the e photographs, and in most of the other taken 
of injections into a vacuum, the nature of the flow 
seems to be controlled by the R eynold umber , 
appearing to be laminar at values below the cl'iticnl 
and turbulent above it. 
The disintegration of the fu el jets in vacuum wa 
much lower than in air. Sh ets of fuel were thrown 
out from the higher velocity jets, and these later pli t 
into parts and were then drawn up into relatively 
large drops by the force of surface tension. In no 
case were any extremely fine drops formed in a vac-
uum, such as were observed when fuel was inj ected 
into air. 
PHOTOMICROGRAPHS AT VARIOUS DISTA CES FROM THE OZZLE 
The progressive effect of the various forces acting 
on the fuel jet may be shown quite distinctly by 
photographing a jet at increasing distances from the 
nozzle, other conditions being kept constant. The 
photomicrograph in Figure 9 show t,he disintegration 
of a low-velocity jet at various stages of the proce s. 
The jet issuing from the orifice contain slight irregu-
larities, which may be caused by fuel turbulence or 
by vibrations of the nozzle. These irregularitie are 
accentuated by the action of the air until the jet con-
sists of many irregular parts, which are then drawn 
out into ligaments by further action of the air, and 
the ligaments collapse to form drops. H ere, a t low 
velocity, are found in modified forms the types of jet 
disintegration previously de cribed. 
Photomicrographs of a high-veloci ty spray at difl'er-
ent distances from the nozzle are shown in Figure 10. 
In this case, the relative ail' velocity is high enough to 
draw ligaments away from the jet as soon as it has 
been slightly ruffled. 
In Figure ll, the velocity of the jet was about the 
same as that in Figure 10, but the viscosity of the 
fuel was 0.102 poise instead of 0.022. As was ex-
pected from the observations of other investigator , 
jets of this fuel did not disintegrate as quickly as jets 
of the Ie vi cous fuel. Wavelike disturbances were 
very prominent with the more viscous fuel, and the 
ligaments were long, and slow to collapse into drops. 
It is apparent from these photomicrographs that 
the disintegration of a jet is a progressive affair ; as 
the distance from the nozzle increases so does the 
degree of disintegration, until the relative velocity of , 
the fuel and air has become so low that interaction 
no longer takes place. 
EFFECT OF AIR DE SITY 
If the theory of atomization by ligament formation 
holds, there will be little tendency toward the forma-
tion of extremely fine drops when sprays are inj ected 
into a vacuum . The photomicrographs show that 
although there i sometimes considerable di inteo-ra-
tion of fuel jets injected into a vacuum, in all such 
cases the jet is merely broken up into relatively large 
parts, or extended into wide sheets, and the drop al'e 
always larger than in sprays injected into air. (ee 
figs. 3 and 12). As the air density is increased (fig. 
12) the degree of eli integration of the jet at a given 
distance from the nozzle becomes greater, and the 
izes of the fuel particles arc apparently reduced. 
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Injection pressure, 250 Ib ./sq . in. 
Orifice diameter, 0.014 inch. 
Distance from nozzle, 5 incbes. 
Fuel viscosity, 0.022 poise at 22° C. 
• 
Injectiou pressure, 120 Ib ./sq . in. 
Orifice diameter, 0.020 incb. 
Distance from nozzle, 7.5 inches. 
Fuel viscosity, 0.022 poise at 22° C. 
• 
Injeclion pressure, 550 Ib./sq. in. 
Orifice diameter, 0.020 inch. 
Distance from nozzle, :; inches. 
Fuel \'iscosity, 0.022 poise at 22° C . 
Injection pressure, 700 llJ./sq. in. 
Orifice diameler, 0.020 inch. 
Distance from nozzle, 1.5 inches. 
F"uel viscosily, 0.102 poise at 22° (' . 
FIGURE 6.- l'holomicrognwhs of fuel sprays showing the formation and collapse of ligaments, X 10. .\ \I sprays continuous, injected into air 
at atmospberic density 
160848-33-2 
9 
10 
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R .=1,500 R. N.=2,400 R. N.=2,OOO R.! .=3,000 
l ,'IOURE 7.- ]<' uel jets at vario IS Reynolds Numbers, in vacuum, X 2.5. Orifice diametor, 0.020 inch; ni r density, 0.OOl3 atlllos-
pbere (pressure=l mm Hg, absolute); Cuel viscosity, 0.102 poise at 22° C .; photographs taken just heyond the orifice 
I-
I 
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H. .=3,500 R. N.=5,000 H. =7,000 R., .=9,000 
FIGURE .-Fuel jets at various Reynolds 'umbers, in vacuum, X 2.5. Orifice diameter, 0.020 incb; air density, 0.0013 atmospbere 
(pressure= 1 mm IIg, absolute); Cuel viscosity, 0.102 pOise at 22° C.; pbotograpbs taken just beyond tbe orifice 
11 
;----~~ 
............ ' ~ ~ 
At the nozzle. J incb from nozzle. 3 i ncnes from nozzle. 
........... 
~ • 
'" 
.. 
• ~ 
• • 
5 inches from nozzle. 7.5 inches from nozzle. 10 incbes from noule . 
F IGURE 9.-Photomicrographs of a low·'-elocity fu el jet At differen t di<tance3 from the nozzle, X 10. Injection pressure. Joo pounds per SQ UAre inch; orifi ce di.meter. 0.020 inch ; air density, I atmosphere 
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PHOTOMICROGRAPHIC STUDIES OF FUEL SPRAYS 
The 2.5-power photographs in Figu re 13 how the 
general dYect of increasing the ail' den ity. The 
effective injection pressure in this case wa main -
tained at 250 pounds per square inch above the 
chamber pres ure, and even at thi low injection 
pressure the cloud of fine drops in the envelope becomes 
very dense when the chamber-air density reache 
values corresponding to those in compression-igni tion 
engines at the time of fuel injection. 
An examination of the photomicrographs taken at 
different air densitie and at different di tances from 
the nozzle, hows that, at a O'iven injection pressure 
and distance from the nozzle, nn incl'ea e in ail' density 
causes a very decided increase in the degree of di -
integration of a jet. Substantially the same resu lts 
may be obtained, however, by keeping the air densi ty 
constant and increa ing the di tance from the nozzle. 
Thus it is seen that the disintegratinO' process is not 
completed immediately, but continues a long as the 
fuel retains enough velocity fo r the air to act upon it. 
In dense air, the process is more quickly carried to the 
limits obtainable with the jet velocity being 11 cd, 
b II t in ail' at low density thC' jet 10 e velocity morC' 
slowly and travels farther, and Lhe final effect is the 
same, a shown in reference 10. 
EFFECT Ot' THE CONDITION A D DIMENSIONS OF NO ZZLE O RIFI CES 
It is a well-known fact that fuel jets from large 
orifices penetrate farther than jets from mall orifices. 
In air whose den ity is atmospheric or greater , air 
forces predominate in the di integration of the jet, 
o that small jet with their high surIace/,'olume ratio 
are disintegrated ooner than large jet. Mo t of the 
photomicrographs showed this fa tel' disintegration of 
small jets, other conditions being the ame. As 
deceleration of the jet increa E'S with it degree of 
di integration, the reason for the greater penetrating 
power of large jets is apparent. 
As will be noted when inspecting the various photo-
graphs of sprays in a vacuum, different nozzle may 
give greatly different dispel' ions at low air densitie . 
As this difference in di persion decreases rapidly with 
increasing air density, it is of little importance with 
re pect to compre ion-ignition engine. In fuel -
injection spark-ignition engine requiring injection 
during the intake stroke or early in the compr ssion 
troke, the ail' density is low enough for this change 
in di persion to be effective. 
Figure 12 showed the effect of ail' den ity on the 
dispersion of sprays from two nozzles, each having an 
orifice diameter of 0.008 inch but with different orifiee 
lengths. In this case the pray from the orifice having 
a length/diameter ratio of 2.5 was more widely dis-
persed than that from the orifice having a ratio of 
0.5. When two nozzles baving orifice diameters of 
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• 
3.5 incbes [rom nozzle. 5 incbes [rom nozzle . . 
5.5 inches [rolT nozzle. G inches [rom nozzle. 
FIG UR~ ll.-Jet disintegration at difIeront distances [rom the nozzle, X 10. Injection pressure, 1,000 pounds per square inch; oriUce diameLer. 
0.0 inch: air d~n. ity, 1 atmosphere; fuel viscosity, 0.102 paise at 22° C. 
0.5 , 
Air density, 0.0052 atmosphere (pressure=4 mm llg. absolute). .\ir densit),. 1 atmosphere. Air density, 13 atmospheres. 
A ir density, 0.0052 atmosphere (Jlressure=4 mm llg, absolute). Air dcmity, 1 atmospnero. Air densit)', 13 atmospheres. 
FIGt'RE 12.-~;fTect of air density on fuel jets from nozzles having orifice length/diameter fIllios of 0.5 nnd 2.5. X 10. Injection pressure, 1.000 pounds per square inch; orifice diameters, 0.008 inch; distance from nozzle. 1.5 inches 
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16 REPORT TATIO AL ADVI 'ORY OMMITTEE FOR AERO AU'l'ICS 
(a) (b) (e) (d) (e) 
~' IGURB 1a.- EfIect or ai r density en ruel jets, X 2.5. EfIeclive injection pressure. 250 pounds per squaro inch; orifice diallleter. 0.020 
ineb; ruel viscosity, 0.130 pOise at 22° C. 
Air densities: 
(a) 0.0013 a tmosphere. (b) 1 atmospbere. (c) 4.4 atmospheres. (d) 7.8 atmospheres. (e) 14 .5 atmospheres. 
PHOTOMICROGRAPHI STUDIES OF FUEL SPRAYS 
" 
(a) (b) (c) 
"mURE 14.- Jets from orifices having the same dimensions, in vacuulI1. X 2.5. Injeetion pressure, 3,000 
pounds per square Inch; orifices, 0.014 incll in diameter aud 0.028 inch long; tl ir density, 0.0013 atmosphere 
(pressure=! mm fJg, absolute) 
Tozzles: 
(a) straight hole in thin steel plate. (h) coDventional nozzle, polished. (e) coDventional nozzle, unpolished. 
17 
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0.014 inch and lengths oC 0.006 and 0.028 inch were 
tried, it wa found that the shorter orifice produced 
the greater dispersion. Four nozzles having orifice 
diameters of 0.020 inch and lengths of 0.010, 0.040, 
0.100, and 0.200 inch were also tried. In this case the 
0.040-inch-long orifice produced the wide t spray. 
ozzles similar to the one u ed in the present experi-
ments were u ed by Gelalles in his measurements of 
pray-tip penetration. (Reference 11.) He found 
that the spray-tip penetration was least with orifice 
length/diameter ratios of 2 or 3, and greatest with a 
ratio of about 6. 
Photographs taken of jets from three nozzles 
having identical orifice lengths and diameters, but 
differing in other respects, arc shown in Figure 14. 
The nozzle for Figure 14 (a) was a straight hole in the 
(a) Orifice pitted by rust. 
the entire jet may be seen ill the various characteristic 
forms of jet disintegration. At higher injection 
yeloeitie ' the jet issues from the orifice in a turbulent 
condition, and the irregular surface is accentuated by 
air action. The fuel is divided into smaller and smaller 
parts until the air forces can no longer overcome the 
resisting forces due to the urface ten ion and vi -
co ity of the fuel. These smallest parts then collapse 
to form drops. Ligament may be drawn directly 
from the unbroken column soon after it has been 
l"lIffled, but the majority nrc formed after the jet has 
heen disintegrated into part. At very high velocities 
the ligaments are so small that mo t of them will 
probably not be visible in the photomicrographs when 
they are reproduced for publication. Ligaments have 
been ob erved on the original negatives of spray 
(b) Orifice polished. 
FIGURE 15.-Cbange in dispen;ion when disturbing influences are pres<'ol in the orifice, X 10. Injection pressure, 1,000 pounds per 'Quare 
incl!; orifice diameter,O.OO inch; air density, 0.0052 atmo3pbere (pressure=4 mm fIg, absolute); distance from nozzle, 3 inches 
center of a steel disk. The nozzles for (b) and (c)T 
were of the type hown in Figure 2, the diITerence 
being that for (b) the orifice was poli hed after it 
was drilled out, but for (c) the orifice was left rough. 
Another example of the efrect of mall i.rreO'uluritie 
in the nozzle on spray dispersion is shown in Figure 15. 
Photograph (a) shows a spray from a slightly cor-
roded nozzle, and (b) shows a spray from the same 
nozzle nfiel' it had been carefully polished . 
EI' FECT OF I ' JECTIO VELOCITY 
The effect of injection velocity on the eli integration 
of fuel jets is shown by the photomicrographs of 
Figures 16, 17, and 18. As the injection velocit:v is 
increased, the di integrating forces which result from 
air action and from fuel turbulence increase. At very 
low injection velocities, when these forces are slight, 
injected into air at a den ity of one atmo phere at 
injection pre sures as high as 4,000 pound per quare 
inch. 
HIGH DISPERSIO OZZLES 
Jozzle intended to give great di per ion are gen-
erally designed to produce a jet of fuel that has as 
large a surface a po sible exposed to the action of the 
air. Flow conditions in such nozzle usually produce 
con iderable turbulence, and the combination of 
turbulence and largc urface expo ed to the air cau es 
very rapid jet di integrntion. Figure, 19 and 20 
how the flow conditions at the exit of some nozzles 
of this type. For clearness the injection ,-elocitie 
were kept below 130 feet per econd and the sprays 
injected into the atmosphere. Figure 19(a) shows the 
pronounced whirling of the fuel as it leaves a nozzle 
equipped with a helically grooved stem. F igure 19(b) 
PHOTOMICROGRAPHIC STUDIES OF FUEL SPRAYS 
20 pounds per square inch. 200 pound per square inch. 
300 pounds per square inch. 900 pounds per square inch. 
FIGuJn~ l6.- EfTect of injection pressure on jet disintegration, X 10. Orifice diameter, 0.020 inch; air density, ] atmosphere; distonC't' from 
nozzle, 4.75 inch 
19 
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100 pounds per square inch. 250 pounds per sQuar inch. 
1,000 pounds per square inch. 4,000 pOllllds per s<lllare inch. 
FIOUR~ I;.- Effect or injection pressure on jet disintegration, X 10. Orifice diameter,O.OO8 inch; uir density, I atmosphere; <iistHllce rrom 
nozzle, 2.5 inches 
------ ~ ---.----------~~~ 
~ 
~ 
50 pounds per square inch. 250 pounds per sq uare inch. 500 pounds per square inch. 
~ 
......... 
1,000 ronnds I'er square inch. 1,500 pounds per square inch . 2,000 pounds per square inch. 
FIGURE IS.-EfTect of injection pressure on jet disintegration, X 10, Orifice diameter, 0,020 inch; air densit)' , I atmosphere; distance from nozzle, 5 inches 
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(a) Centri fugal-type spray. (b) Spray from impinging-jets nozzle. 
I 
(e) Sli t nozzle. (d) lit nozzle. 
FIOUHE 19.-~"'low condit.ions at exit 0" some high-dispersion nozzles, X 10. fnjccLiou pressure, ]00 pounds per square inch or less; air dell-
si ty, 1 atmosphere 
I ' 
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(a) (b) 
(c) (d) 
FIGURE 2O.-F'low conditions at exit or some high-dispersion nozzles, X 10. Injection prcs·lue, 100 pounds per square inch or less; air density, 
1 atmosphere; all sprays Crom slit nozzles 
23 
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~ 
Gasoline. 1raLer. ELhyl alcohol. 
Diesel fuel No. 1. Diesel fuel 1\0. 2. Lubricating oil. 
FIGURE 21.-JeLs of yarious liquids, X lO. Iojectioo pressure, 1,500 pounds per S(luare inch; orifice diameter, 0.020 inch; air density, 1 atmosphere; distance from nozzle, 5 inches 
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shows the flat side of the spray from an impinging-
jets nozzle, just beyond the point of impingement. 
Figure 19(c) shows the .fiat side of a sheet of fuel in-
jected from a slit orifice in a hemispherically shaped 
nozzle. The irregular waves were probably the result 
of air forces. In Figure 19(d) the fiat side of a sheet 
of fuel from a rectangular slit is shown. The regularity 
of the waves and the fact that they seem to posse s 
their full amplitude as they leave the nozzle suggest 
that they are the result of nozzle vibrations. 
The low-velocity jets shown in Figme 20 were all 
from slit nozzles. The turbulence of the flow shown 
in photographs (a) and (b) was of such a nature that 
a few large drop were thrown oiy at right angles to 
the main jet. The peculiar flow conditions shown in 
(c) were caused by a slight obstruction in the slit 
orifice. Photograph (d) shows examples of laminar 
flow, forced vibrations, and turbulent flow in different 
parts of a fan- haped sheet of fuel. 
EFFECT OF DIFFERENT LIQUIDS 
Sass (reference 12) took 10-power photomicro-
graphs of sprays of fuels having diD'erent vi co ities 
and concluded that the atomization improved as the 
viscosity was decreased. 
A number of photomicrographs 'were taken at this 
laboratory using different liquids to determine quali-
tatively the effects of vi cosity and smface ten ion on 
pray formation. For convenience the viscosities and 
surface tensions of the various liquids are listed in 
Table r. All values were determined at temperature 
as near as possible to those prevailing in the laboratory 
at the time the photomicrographs were taken. 
TABLE I 
PROPERTIES OF LIQUIDS USED 
[Temperature, 22° C.; pressure, atmospheric] 
Liquid 
Gasoline __ __ ___ ____ ___ _____ ____ __ __ _ 
Water ___ __ ____ _____ _______ _________ _ 
Ethyl alcohoL ___ __ _______ ________ _ _ 
Diesel fuel No. L _____ _____________ _ 
Diesel fuel No. 2 __ _____ ____ __ ______ _ 
Lubricating oiL _____________ ______ _ 
Viscosity, 
poises 
0.0042 
.0096 
.0115 
.022 
.102 
3.07 
Surrace I 
tenSion, 
dynes 
percm 
21 
68 
24 
27 
28 
31 
Representative photographs taken at J ,500 pounds 
per square inch injection pressure Wbre selected and 
are shown in Figure 21. At higher injection pre ure 
the differences in behavior become more evident, but 
at such high pressures and 'Jnder these particular condi-
tions the photograph are blurred and un uitable for 
reproduction. 
Examination of the photomicrographs of Figure 21 
and the values given in Table I shows that for anyone 
set of conditions the degrf'e of disintegration of the jet 
decreases as the viscosity is increased. In the case of 
water, a decided eiTect of the increased surface tension 
in reducing the degree of jet disintegration is notice-
able. However, for sllch difl'erences in smface tension 
as are fonnd among the various fuels the f'flect is 
negligible. 
ATOMIZATION MEASUREMENTS 
Most of the photomicrographs were entirely un-
suitable for quantitative measurements of the fineness 
of the atomization_ In the atmosphere the atomiza-
tion process was u ually not completed in the region 
photographed, and in den e air the photomicrograph 
FIGURE 22.-Photomicrograph used to measure drop sizes for the Diesel 
fuel No.1 curve of Figure 24 
were not clear. In a few cases, however, it was possi-
ble to measure the sizes of the fuel particles from the 
photomicrographs. An example of such a photo-
micrograph is shown in Figure 22. Only a very small 
part of the spray was included in the field of the micro-
scope, and many of the fuel particles were irregular or 
out of focus, so that the results may not be truly 
representative of the entire spray. The atomization 
measmements are included in this report bec~use they 
support some of the conclusions reached from a study 
of all the photomicrographs. 
In FigUl'es 23 to 25 the ordinates of the curves show 
what percentage of the fuel volume was broken up 
into drops having diameters between zero and the 
value of the abscissa. In Figure 23 curves obtained by 
measming photomicrographs of sprays injected into 
the atmosphere from an orifice 0.008 inch in diameter 
and 0.020 inch long are compared with curves for 
carbUl'etor atomization (from Scheu bel, reference 9) 
and with curves for fuel injections into dense air (data 
from Lee, reference 10). Each curve is identified by 
the relative velocity between the fuel and the air. 
For the carburetor sprays this is the air velocity at the 
Ven tUl'i throat, and for the inj ected sprays it is the 
initial fuel-jet velocity. A strict comparison of these 
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different sets of CUTves is impoesible becau e of the 
different fuel, nozzle , and air den itie used, but the 
fact that the CUTves arrange themselves according to 
their r elative fuel-air velocities shows that it is this 
factor which predominates. Moreover, the clo e 
agreement between cheubel's curves for alcohol and 
those obtained from photomicrograph of alcohol 
prays injected into the atmo phere llpport Castle-
man's conclusion that the atomization process in 
inj ected spray is the same a tha.t in carburetors. 
The CUTves in Figure 24 give atomization data for 
four different liquids at low fuel·-air velocities. They 
supplement the conclusions derived from a study of 
the photomicrographs as to the effects of the surface 
tension and viscosity of the fuel on jet di int gration. 
At these low injection velocities the atomization of 
Die el fuel No.2 and lubricating oil had not begun 
at 5 inches from the nozzle, the distance at which all 
the a tomization measurements w re made. 
As a supplement 'to the above .xperiments, atomiza-
tion measurements were made with Diesel fuel No. 
1 and 2 at an injection velocity of 765 feet per second 
(pre sure = 4,000 pound per quare inch) and an air 
den ity of 1.01 pounds per cubic foot. The spray 
were caught on smoked-gla pl· te and the impres-
sions made there by the fuel drop were coun ted and 
measured. For a complete de cription of this method, 
ee reference 10. The results of the e measurements 
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F IGURE 23.-Compari!on of atomization data from d iITerent sources 
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FIGURE 25.- EfTect of fuel viscosi ty on 
L the fineness of tbe alomization. Injec· 
tion pressure, '1,000 pounds per square 
inch (initial jet velocity about 7 5 fee t 
per second); orifice diameter, 0.020 
incb; air denSity, 13 atmospheres. 
are shown in Figure 25. The atomization was finer 
for th less viscous fuel, but the ffect of fuel viscosity 
was less pronounced under these conditions than it 
was at low inj ection velocities a d low ail' densities. 
ligament formation and the results of drop size meas-
urement , within the range investigated, support the 
conclusion of Dr. R. A. Castleman, jr., that the 
atomization process in inj ected spl"ays is the same a 
that in carburetors. 
CONCLUSIO 
This photomi rographic tudy of fuel sprays has 
shown that the fuel leaves the nozzle as an unbroken 
column, but is quickly disintegrated into many irregu-
lar parts by a combination of fuel-stream turbulence 
"When other variables are held con tant, the degree 
of disintegration of the jet: 
(a) Increa e'" with distance from the nozzle, until 
the disintegrating forces du e to the relative velocity 
between the air and the fu el are no longer sufficient 
I 
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I 
• 
I 
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to overcome the resisting forces due to the surface 
tension and viscosity of the fuel. 
(b) Increases with increase of air density. 
(c) Increases ,vith increase of jet velocity. 
Cd) Decreases with increase of orifice diameter. 
(e) Decreases with increase of fuel viscosity. 
(f) Decreases with increase of fuel surface tension. 
(q) Increases 'with increase of fuel turbuleace. Fuel 
turbulence accelerates the disintegration of the fuel jet 
by l'uffiing its surface close to the orifice, but it has 
relatively little disintegrating force in itself. 
At atmospheric and subatmospheric air densities 
there may be wide differences in the dispersion of 
prays from geometrically similar nozzles, because of 
di.£ferent degrees of tUl'bulence caused by slight 
irregularities in the nozzles. This difference is also 
shown between the early and late parts of sprays from 
nozzles used with automatic injection valves. At air 
densities corresponding to those in compression-
ignition engines at the time of fuel injection the 
clifl'('rences are slight. 
LA GLEY IVIEMORIAL AERONAUTICAL LABORATORY, 
NATIONAL ADVISORY COMMITTEE FOn. AERONAU'l'IC , 
LANGLEY FIELD, VA., December 15, 1932. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
Axis Moment about axis Angle Velocities 
Force 
(parallel 
Sym- to axis) Sym-Designation bol symbol Designation bol 
LongitudinaL_ X X roLling _____ L LateraL _______ y Y pitc~ing ____ M 
NormaL ______ Z Z yawl11g _____ N 
Absolute coefficients of moment 
L M N 
VI = qbS Om = qcS 0,. = qbS 
Linear 
Positive Designa- Synl- (compo-
direction tion bol nentalong Angular 
axis) 
y--. Z rolL _____ cf> - u P 
Z--.X pitch _____ 8 v q 
X--. Y yaw _____ 
'" 
w r 
Angle of set of control surface (relatiye to neu-
tral position), o. (Indicate surface by proper 
subscript.) 
4. P ROP ELLER SYMBOLS 
D, Diameter. P, Power, absolute coefficient Cp = pnfy' p, Geometric pitch. 
p/D, Pitch ratio. ~p V' Inflow velocity. Os, Speed power coefficient= ~n2' , 
Va, Slipstream velocity. 7], Efficiency. 
T, Thrust, absolute coefficient CT = fD4 n, Revolutions per second, r. p. pn 
<I> , Effective helix angle = tan- l (2 l~ ) 
Torque, absolute coefficient OQ= 9D5 7rrn Q, pn 
5. NUMERICAL RELATIONS 
1 hp=76.04 kg/m/s=550 lb./ft ./sec. 
1 kg/m/s=0.01315 hp 
1 mi./hr. = 0.44704 m/s 
1 m/s=2.23693 mi./hr. 
1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb . 
1 mi. = 1609.35 m = 5280 ft. 
1 m=3.2808333 ft. 
